The mother-infant relationship is an instinctive phenomenon, and loss of maternal care in early life influences neonatal development, behavior and physiologic responses.
Rat pups were recruited on postnatal day (pnd) 14, and the pups were separated from their mothers and socially isolated throughout the duration of the following 1-week period for the following reasons. First of all, rat pups of 2 weeks of age are able to survive without their mothers, but they still show behavioral and physiological disturbances after a period of maternal separation. 2 Secondly, the period from pnd 4 to pnd 14 is considered to be a 'stress hyporesponsive period'. 7 Finally, long periods of maternal separation during infancy may increase vulnerability to stressful environmental stimuli in later life. 8 Experiments were performed on 27 pups from two dams (12 and 15 pups from each). Each pup was assigned to one of three groups, with nine pups in each group: the maternal care group (control), the maternal separation group, and the group with maternal separation and fluoxetine treatment. Over the next 7 days, each member of the fluoxetinetreated group received daily injections of fluoxetine, whereas the control and maternal separation groups received those of saline. All pups received daily injections of BrdU for the observation of subgranular progenitor cell proliferation. 9 In addition, during treatment of the animals, home-cage observation was performed. Over the first 24 h after maternal separation, pups of both maternal separation groups moved to the periphery and became virtually quiescent. After the second day, however, pups with maternal separation treated with fluoxetine showed greater locomotion yet fewer tremors than those with maternal separation.
One day after the last injections were given, BrdUpositive cells were observed in the granule cell layer (GCL), subgranular zone, and hilus in all three groups ( Figure 1 ). Of the total population of BrdU-positive cells in the dentate gyrus, approximately 30% expressed neuronal nuclei (NeuN; neuronal marker) as well, but very few expressed glial fibrillary acidic protein (GFAP; glial marker). A significant difference was found among the groups (F[2,78] = 17.08, P Ͻ 0.01) in the number of BrdU-positive cells measured according to a stereological counting method utilizing every eighth section of the series extending over the entire dentate gyrus. 10, 11 In the maternal separation group, the number of BrdU-positive cells in the dentate gyrus was decreased (Figure 1b) , and that in the entire volume of the dentate gyrus was approximately 12% lower compared to that of the control (F[2,78] = 17.08, P Ͻ 0.01) ( Table 1 ). In addition, the separation group was about 14% lower in cell density than the control (F[2,78] = 6.36, P Ͻ 0.05) ( Table 1 ). However, there was no statistically significant difference in the total population density of cells in the dentate gyrus, and no sign of neuronal damage was revealed from Cresyl violet staining of the sections. Our results show that maternal separation lasting 7 days after pnd 14 inhibits the proliferation of granule cell precursors.
Recent studies have suggested that one of the candidates for the direct mediator of granule cell genesis in ). All injections were given for 7 days after postnatal day 14. n = 9 in each group. Scale bar represents 200 m. the dentate gyrus is the neurotransmitter serotonin (5-HT). [12] [13] [14] In addition, it has been shown that factors that stimulate granule cell genesis such as seizures, adrenalectomy and N-methyl-d-aspartate (NMDA) receptor antagonist treatment increase either the density of 5-HT 1A receptors in the dentate gyrus or the release of serotonin. 12 Fluoxetine, a selective serotonin reuptake inhibitor, alters several physiological processes in the hippocampus, for example increasing and sustaining fluctuations in synaptic serotonin levels, up-regulating 5-HT receptors, elevating intracellular cAMP levels, and increasing the expression of brainderived neurotrophic factor (BDNF) and trkB proteins. 15 Furthermore, it has been shown that neuroplasticity is induced by treatment with fluoxetine. 16 Clinically, fluoxetine has been used in the treatment of childhood mental illnesses such as separation anxiety disorders, depression, and personality disorders. 4 Our preliminary studies revealed that serotonin levels were lowered in pups with maternal separation but increased in pups with maternal separation treated with fluoxetine. In view of these findings, it is speculated that fluoxetine might have positive effects on cell proliferation during maternal separation. In this study, the number of BrdU-positive cells in the dentate gyrus of the fluoxetine-treated group was increased compared to that of the separation group, as expected ( Figure 1c ). In the fluoxetine-treated group, the number of BrdU-positive cells in the entire volume of the dentate gyrus was significantly increased (F[2,78] = 17.08, P Ͻ 0.01) ( Table 1) , and cell density significantly higher than in the separation group (F[2,78] = 6.36, P Ͻ 0.05) ( Table 1 ). These results indicate that fluoxetine may stimulate cell genesis in the dentate gyrus.
Next, it was determined whether maternal separation and fluoxetine treatment affect hippocampal formation, in particular regarding the dentate gyrus. The separation group showed a significantly lower volume of dentate gyrus than the control did (F[2,78] = 5.89, P Ͻ 0.05) ( Table 1) . Interestingly, the fluoxetine-treated group had a higher dentate gyrus volume than that of the separation group, although this difference did not reach statistical significance (F[2,78] = 5.89, P = 0.18) ( Table 1 ). The volumes of dentate gyrus of the fluoxetine-treated and control groups were almost the same (F[2,78] = 5.89, P = 0.39) ( Table 1) . The results from the present study showed that the volume of the dentate gyrus was also decreased in pups with maternal separation compared to pups kept with their mothers. However, in pups with maternal separation and fluoxetine treatment, the volume of dentate gyrus was increased compared to pups with maternal separation only. These findings indicate that fluoxetine may affect hippocampal formation, especially with respect to the dentate gyrus.
Finally, to determine whether fluoxetine affects programmed cell death, reflected morphologically as apoptosis, a TUNEL assay, 17 which is intended to detect DNA fragmentation, one of the hallmarks of apoptosis, was carried out (Figure 2 ). In the separation group, the number of TUNEL-positive cells per mm 2 in the dentate gyrus was 220% higher than in the control group (Figure 3 ). In the fluoxetine-treated group, the number of TUNEL-positive cells per mm 2 was decreased compared to the separation group, and it was close to that in the control (Figure 3) . A similar pattern was observed from supplemental caspase-3 immunostaining (data not shown). These results showed that fluoxetine might exert a preventive effect against apoptosis on neurons during maternal separation.
Recently, Manev et al 18 showed that fluoxetine increases cell proliferation both in the adult rat brain in vivo and in neural cultures in vitro. In this study, the maternal care with fluoxetine treatment group was compared to the maternal care group. In the maternal care with fluoxetine treatment group, the number of BrdU-positive cells was observed to be approximately 5% higher than in the maternal care group, although the difference was not of statistical significance (Student's t test; P = 0.15). The volume of dentate gyrus, the number of TUNEL-positive cells, and the pattern of caspase-3 immunostaining were similar between the two groups (data not shown).
Long periods of maternal separation during infancy may influence neuronal development either through its contributions via the stress-mediating pathway or simply through its disruption of the neuronal developmental process. 1, 19 Also, repeated episodes of brief or prolonged separation between pnd 1 to pnd 21 produces altered responsiveness to stress, resulting in enhanced hypothalamic-pituitary-adrenocortical (HPA) responses to stress in adult life. 20 In addition, enduring effects of early maternal separation may have implications for Molecular Psychiatry adult-period vulnerability to the emergence of psychiatric disorders. 4 Consequently, how the effects of maternal separation can be reversed has taken on clinical importance. Therefore, the effects of fluoxetine on maternal separation were investigated in the present study. The results show that maternal separation lasting 7 days after pnd 14 decreases cell proliferation, enhances the rate of apoptosis of granule cells, and affects hippocampal formation. In contrast, fluoxetine enhances cell proliferation and prevents apoptosis during maternal separation. Therefore, fluoxetine may provide new therapeutic opportunities as an agent to counteract the effects of maternal separation. However, further studies are required to elucidate the precise effects of chronic administration of fluoxetine on neuronal development.
Methods

Animals
Adult male and female Sprague-Dawley rats obtained from Harlan Sprague Dawley (Indianapolis, IN, USA) were housed in pairs at standard temperature (22 ± 3°C) and under a standard 12 h light/dark cycle (lights on at 07:00 h) with free access to food and water. When the female of each pair was clearly pregnant, the male was removed and the female was monitored until delivery. The day of delivery was designated postnatal day (pnd) 0. On pnd 14, each of the pups from two dams (12 and 15 pups from each) was assigned to one of three groups, with 9 pups in each group: the control group, the maternal separation group, and the maternal separation with fluoxetine treatment group. Pups of the control group were housed with their mothers under standard conditions; those of the maternal separation and maternal separation with fluoxetine treatment groups were maintained individually.
BrdU labeling and fluoxetine treatment
Both BrdU (Sigma, St Louis, MO, USA) and fluoxetine hydrochloride (Tocris, Bristol, UK) were dissolved in 0.9% NaCl and filtered at 0.45 m. The control and maternal separation groups received injections of saline (1 ml kg −1 ip) and BrdU (50 mg kg −1 ip), and the maternal separation with fluoxetine treatment group received fluoxetine hydrochloride (5 mg kg −1 ip) and BrdU (50 mg kg −1 ip) in said order. All treatments were done every day for 7 consecutive days.
Histological procedures
On pnd 21, pups were deeply anesthetized and were perfused transcardially with 0.05 M phosphate buffered saline (PBS), pH 7.4, followed by chilled 4% paraformaldehyde in 0.1 M phosphate buffer pH 7.4. Following postfixation, frontal sections (40 m in thickness) were made using a freezing microtome (Leica, Nu␤loch, Germany). Free-floating sections were processed for BrdU-specific immunohistochemistry as previously described. 11, 21 In brief, sections were pretreated in 0.5% Triton X-100, followed by incubation in 50% formamide-2× SSC at 65°C and subsequent incubation in 2 N HCI at 37°C. Finally, sections were rinsed in 0.1 M sodium borate, pH 8.5. The sections thus pretreated were rinsed and incubated with BrdUspecific mouse monoclonal antibody (Roche, Mannheim, Germany; 1:600 dilution). The sections were rinsed and stained according to the horseradish peroxidase method (Elite ABC system, with biotinylated horse anti-mouse antibodies and diamino benzidine as chromogen; Vector Laboratories, Burlingame, CA, USA).
TUNEL staining
To visualize apoptotic cells, a TUNEL assay was performed as previously described. 17 In brief, the sections were post-fixed in ethanol-acetic acid (2:1) and rinsed. Then the sections were incubated with proteinase K (100 g ml −1 ), rinsed, incubated in 3% H 2 O 2 , permeabilized with 0.5% Triton X-100, rinsed again, and incubated with TUNEL reaction mixture (Roche). The sections were rinsed and reacted using Converter-POD (Roche) with diaminobenzidine. Mayer's hematoxylin (DAKO, Glostrup, Denmark) was used for counterstaining.
Stereology
BrdU-positive cells in the granule cell layer of every eighth section through the entire extent of the dentate gyrus were counted under ×400 magnification. The granule cell area was traced using an image analyzer (Multiscan, Fullerton, CA, USA) and a ×40 objective. 9 To determine the volume of the granule cell layer of each pup, Cavalieri's estimation method was used. 10 
Statistical analyses
All data were analyzed by ANOVA using the statistical software SPSS (version 7.5). Specific comparisons were made with Tukey HSD's post-hoc test.
